The Saccharomyces cerevisiae SGS1 gene encodes a RecQ-like DNA helicase, human homologues of which are implicated in the genetic instability disorders, Bloom syndrome (BS), Rothmund-Thomson syndrome (RTS), and Werner syndrome (WS). Telomerase-negative yeast cells can recover from senescence via two recombinational telomere elongation pathways. The ''type I'' pathway generates telomeres with large blocks of telomeric and subtelomeric sequences and short terminal repeat tracts. The ''type II'' pathway generates telomeres with extremely long heterogeneous terminal repeat tracts, reminiscent of the long telomeres observed in telomerase-deficient human tumors and tumor-derived cell lines. Here, we report that telomerase-negative (est2) yeast cells lacking SGS1 senesced more rapidly, experienced a higher rate of telomere erosion, and were delayed in the generation of survivors. The est2 sgs1 survivors that were generated grew poorly, arrested in G2͞M and possessed exclusively type I telomeres, implying that SGS1 is critical for the type II pathway. The mouse WS gene suppressed the slow growth and G2͞M arrest phenotype of est2 sgs1 survivors, arguing that the telomeric function of SGS1 is conserved. Reintroduction of SGS1 into est2 sgs1 survivors restored growth rate and extended terminal tracts by Ϸ300 bp. Both phenotypes were absolutely dependent on Sgs1 helicase activity. Introduction of an sgs1 carboxyl-terminal truncation allele with helicase activity restored growth rate without extending telomeres in most cases, demonstrating that type II telomeres are not necessary for normal growth in the absence of telomerase.
T
he sole Saccharomyces cerevisiae RecQ-like helicase, Sgs1, was originally identified by a mutation that suppressed the slow growth phenotype of top3 (topoisomerase III) mutants and cloned by virtue of its interaction with Top3 in a two-hybrid system (1, 2) . Deletion of SGS1 causes mitotic hyperrecombination (1, 2) , sensitivity to hydroxyurea (3, 4) , and a defect in the intra-S phase DNA damage checkpoint (4) but not telomere shortening (2) . Sgs1 and the Srs2 helicase have overlapping functions because a double deletion of SGS1 and SRS2, but not the single deletions, inhibits DNA replication (5, 6) . The poor growth of sgs1 srs2 double mutants is significantly improved by abolishing homologous recombination, implying that Sgs1 may resolve recombination intermediates during DNA replication (6) .
All RecQ helicases can unwind standard duplex DNA with 3Ј35Ј directionality in vitro (7) (8) (9) (10) . Interestingly, BLM (BS helicase), WRN (WS helicase), and Sgs1 can also unwind G-DNA (11-13), a highly stable quadruplex structure that has been shown in vitro to form at G-rich sequences such as telomeric DNA (14, 15) . WRN unwinds d(CGG)n repeats but not telomeric sequences or IgG switch regions in vitro (13) . WRN, BLM, and Sgs1 can also migrate Holliday junctions in vitro (8, 16, 17) , and both WRN and Sgs1 appear to localize at sites of stalled DNA replication (4, 17) . Together, these findings suggest that eukaryotic RecQ-like helicases promote the resolution of DNA secondary structures at stalled or broken replication forks (6, 13, 18, 19) .
Werner syndrome (WS) individuals, and to a lesser extent Rothmund-Thomson syndrome (RTS) individuals, exhibit symptoms that resemble premature aging (20) . Fibroblasts cultured from WS individuals senesce more rapidly in culture than those from normal individuals (21, 22) . However, the introduction of the telomerase catalytic subunit (hTERT) into WS cells bypasses senescence (23) . This result has been viewed as evidence that the premature senescence of WS cells is due to a telomere-related defect (23) . To provide a model for the putative function of WRN at telomeres, we have examined whether Sgs1 has a telomeric function in the absence of telomerase, before senescence and during recovery.
Materials and Methods
Strains and Plasmids. All yeast strains were derivatives of W303-1A. DSY36 (MAT␣ sgs1::HIS3) was mated to DSY630 (MATa rad52::TRP1) to generate DSY641. EST2 was disrupted in DSY641 by transformation with BamHI-linearized pVL523 (24) (DSY1167) or by a one-step KAN R PCR disruption procedure (DSY1305). YCH1035 (MATa͞␣ est2͞EST2 sgs1͞SGS1 ADHmWRN) was generated by mating DSY2001 (MATa est2::URA3) with DLY190 (MAT␣ sgs1::HIS3 ADH-mWRN). DLY190 was a gift of D. Lombard (Massachusetts Institute of Technology, Cambridge, MA). DSY454 was generated by integrating PpuMIlinearized pDS35. est2 meiotic segregants were generated from DSY1167, YHC1005, or YHC1035. Haploid strains carrying the Cre-loxP system were generated from DSY1305 carrying pSH47 (25) and pDS381. The rad52::leu2 disruption was created by using pSM20 (gift of G. Fink, Whitehead Institute, Cambridge, MA). A polylinker was derived by PCR amplification of pRS316 and ligated to pDS116 to generate pDS375. EST2 was excised from pVL657 (gift of V. Lundblad, Baylor College of Medicine, Houston, TX) with NotI͞KpnI and inserted into pDS375 cut with the same enzymes to generate pDS381. Plasmids carrying sgs1 alleles were obtained from S. Brill (Rutgers University, Piscataway, NJ) (3).
Yeast Media and Viability Assays. For liquid viability and telomere length assays using the Cre-loxP system, cells were pregrown in glucose-containing medium lacking adenine and uracil. Cells were washed in water and plated on galactose͞raffinose (2% wt͞vol) medium lacking uracil (400 colonies per plate) to monitor loss of pDS378, as indicated by red colony color. Fewer than 1 in 10 5 cells failed to convert to Ade This paper was submitted directly (Track II) to the PNAS office.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. , est2 rad52 (s), and est2 sgs1 rad52 (ƒ) and two cultures of wild type (‚) carrying the Cre-loxP EST2 recombination system were pregrown in glucose-containing medium and then serially passaged each day in galactose͞raffinose-containing medium. Cultures were inoculated to 1 ϫ 10 5 cells͞ml and grown until the wild-type culture reached a cell density of 1.4 ϫ 10 8 ͞ml (Ϸ10 generations of the wild-type strain͞passage). We estimated that the strains had undergone Ϸ30 generations before day 1. To determine the rates of telomere loss, glucose-grown cells (generation 0) were resuspended in galactose͞raffinose-containing medium and harvested for telomere analysis exactly 4 and 11 generations later (B and C, respectively). XhoI-digested genomic DNA was probed with a YЈ sequence after Southern blotting. Lanes 1-3, est2; lanes 4 -6, est2 sgs1; and lanes 7-9, est2 sgs1 rad52. (D) Mean terminal fragment lengths of est2 (F), est2 sgs1 (ᮀ), est2 rad52 (s), and est2 sgs1 rad52 (ƒ) strains after growth in galactose͞raffinose-containing medium. For each strain, nine independent cultures were assayed, and each culture was assayed by using three independent blots. Mean terminal fragment lengths (ϮSD) are shown relative to the glucose-grown control (0 generations).
Flow Cytometric Analyses. Cells were prepared for FACS analysis as previously described (27) .
Telomere Length Determination. Telomere lengths were determined as previously described (28) . For each sample, the signal was quantified along a line drawn down the center of each lane using IMAGE-QUANT software (Molecular Dynamics). The distance between the center of the YЈ-short peak and the terminal XhoI fragment peak was measured to within 1 mm precision. Six isolates of each genotype were analyzed, and each DNA sample was measured on three separate gels.
Results
To facilitate our analysis, we developed a Cre-loxP recombination system to conditionally delete EST2, the gene encoding the yeast telomerase catalytic subunit. The system consists of a ''destructible'' EST2 plasmid in which the ARS͞CEN (autonomously replicating sequences͞centromeric sequence) cassette is flanked by loxP sites. This plasmid also carries ADE2, a selectable marker required for growth on plates lacking adenine. A second URA3-based plasmid carries the Cre gene under the control of a galactose-inducible promoter. In galactosecontaining medium, Cre expression results in the excision of the ARS͞CEN sequence, rendering the EST2 plasmid unable to be replicated or efficiently segregated (Fig. 1A) . This event can be scored by the conversion of the strain from Ade ϩ to Ade Ϫ (Fig.  1B) . The advantages of the system are that it circumvents the need to generate haploid telomerase mutants from heterozygous diploids, greatly reduces the variability between experiments, and permits the analysis of events that occur within the first few generations after loss of telomerase activity.
Using the Cre-loxP system, we examined the effect of deleting SGS1, RAD52, or both, on the senescence rate of est2 strains. Telomerase-negative yeast cells lacking RAD52 senesce more rapidly and are unable to recover from senescence because of a defect in homologous recombination (26, 29) . Cultures were pregrown in glucose-containing medium, then serially subcultured in galactose-containing medium, with each passage representing 10 generations of the wild-type strain. To score viability, cell densities were recorded daily when the wild-type culture reached 1.4 ϫ 10 8 cells͞ml. As shown in Fig. 2A, est2 strains reached the point of maximum cell death after an average of 7 days in liquid culture, similar to a prior report for tlc1 strains in liquid culture (30) . In agreement with other reports of telomerase mutants (24, 30) , est2 rad52 strains died earlier than est2 controls. Interestingly, the est2 sgs1 strains died earlier than est2 strain, and the est2 sgs1 rad52 strain died earlier than the est2 rad52 control.
Next, we investigated whether the increased rates of cell death were due to accelerated telomere erosion. Nine independent cultures of each strain were analyzed for telomere length, 4 and 11 generations after transfer to galactose͞raffinose medium. Within this period, a decline in the growth rates of strains was not detected (not shown), indicating that they were all presenescent. S. cerevisiae telomeric DNA consists of Ϸ350 Ϯ 75 bp of C 1-3 A͞TG 1-3 DNA, and internal to the C 1-3 A͞TG 1-3 tracts are repetitive DNA elements, called X and YЈ (31) . Digestion of genomic DNA with XhoI liberates two large YЈ fragments and a Ϸ1.3-kb YЈ͞TG 1-3 terminal fragment ( Fig. 2 B and C) (29) , the latter of which we used to determine terminal repeat length. As shown in Figure 2D , the est2 strains had an average telomere loss rate of 5.1 Ϯ 0.6 bp͞generation, whereas the wild-type control strains did not show any significant change in telomere length (not shown). This rate of loss for the est2 strain is in close agreement with the loss of 3-5 bp͞generation reported by Marcand et al. (28) . The average rate of telomere loss for the est2 sgs1 strain was higher than that of the est2 strain, at 7.5 Ϯ 0.5 bp͞generation. In agreement with this finding, we found that seven of eight meiotically derived est2 sgs1 strains had significantly shorter telomeres than their est2 siblings after both had been cultured for exactly 30 generations (data not shown). Consistent with its rapid rate of senescence, the est2 sgs1 rad52 mutant had the highest rate of telomere loss (9.4 Ϯ 0.4 bp͞ generation), significantly higher than that of the est2 rad52 control. We also detected a slight increase in the rate of telomere loss in an est2 rad52 strain (6.4 Ϯ 0.4 bp͞generation) compared with est2 alone. Interestingly, other telomerase mutants, namely tlc1 and est1, reportedly do not show an increase in a rad52 background, despite their higher rate of senescence (24, 30) . Investigation is warranted about whether these results reflect differences in the specific functions of the telomerase factors.
The effect of SGS1 on telomere erosion prompted us to examine whether SGS1 also influences recombination-mediated telomere lengthening, a process that allows telomerase-negative yeast cells to recover from senescence (26, 29, 32) . Strains were serially passaged in liquid culture for 13 days, with each passage representing 11 generations of the wild-type strain. As shown in Fig. 3A , the est2 sgs1 cultures persisted in a senescent state for 2 days longer than the est2 strains, reaching cell densities an average of Ϸ50-fold lower than the est2 strains. The est2 sgs1 survivors that were eventually generated experienced recurring losses of cell viability and failed to recover to wild-type growth rates ( Fig. 3 A and B) . Senescent est2 rad52 and est2 sgs1 rad52 strains failed to produce survivors, owing to the critical role of homologous recombination in telomerase-independent telomere lengthening (26, 29, 32) .
A visual inspection of cell morphologies of six independent est2 sgs1 cultures, 1 day after survivors were first generated, revealed an Ϸ3-fold higher proportion of large-budded cells relative to an sgs1 culture (data not shown). Flow cytometric analyses of DNA content showed that these cultures had an Ϸ2.5-fold higher proportion of cells with a G 2 content of DNA than the sgs1 control (Fig. 3C, mid-recovery) . Even 6 days after the first survivors were generated, there was an Ϸ1.5-fold higher proportion of G 2 cells in the est2 sgs1 cultures (Fig. 3C , postrecovery), and this level was still apparent after 23 days (not shown). Although the est2 survivors had a slightly higher proportion of G 2 cells during recovery (Fig. 3C , mid-recovery), they had returned to near wild-type cell cycle distributions 6 days after survivors were generated (Fig. 3C, postrecovery) , which was consistent with their wild-type growth rate.
Two distinct types of telomere elongation can occur in the absence of telomerase, and these can be distinguished by their banding pattern on Southern blots (26, 29) . We found that all of the est2 survivors (35͞35) displayed banding patterns indicative of a type II telomere structure, i.e., greatly elongated and heterogeneous tracts of C 1-3 A͞TG 1-3 telomeric repeats (26, 29) (Fig. 3 D and E, lanes 2-5) . Although we did not detect any est2 type I survivors, it is possible that type I survivors were generated but these were out-competed by faster growing type II survivors. In contrast to the est2 survivors, all est2 sgs1 survivors (35͞35) displayed patterns indicative of a type I telomere structure, i.e., an increase in the number of tandem YЈ sequences and short terminal C 1-3 A͞TG 1-3 tracts (26, 29) (Fig. 3 D and E, lanes 7-10) . The two types of survivor did not interconvert within the time frame of the experiment (Fig. 3F ).
Next, we tested whether mouse WRN could complement any of the sgs1 telomere-related phenotypes. As shown in Fig. 4A , the est2 sgs1 cultures expressing mouse WRN (mWRN) had a slightly higher rate of senescence, but they recovered more rapidly than the est2 sgs1 cultures. Moreover, the mWRN-expressing survivors exhibited growth rates (Fig. 4B ) and cell cycle distributions similar to est2 survivors (Fig. 4C) . Unlike est2 sgs1 strains that produced only type I survivors, the mWRN-expressing est2 sgs1 strains produced one-third type I and two-thirds type II survivors (Fig. 4D) . Thus, mWRN can suppress the slow growth phenotype of est2 sgs1 survivors and partially suppress the defect in the type II pathway.
To examine the role that SGS1 might play in the generation of type II survivors, we tested the effect of reintroducing SGS1 on low copy plasmid into three independently derived est2 sgs1 survivors. The reintroduction of SGS1 rapidly restored the growth of the est2 sgs1 survivors (Fig. 5 shows representative survivor) and increased the maximal length of the terminal C 1-3 A͞TG 1-3 tracts from Ϸ50 to Ϸ350 bp (Fig. 5B, lanes 7-9) , similar to the maximal length of wild-type terminal tracts. The lower YЈ bands were also less intense (Fig. 5B, lanes 7-9) . This novel telomere type was present after 16 days of culturing (data not shown), implying that the cells were prevented from fully converting to type II.
Prior genetic analyses have provided good evidence that Sgs1 performs two functions: one conferred by the central helicase domain and the other by the carboxyl-terminal third of the protein (3, 33) . The introduction of a helicase-defective (sgs1-hd) allele carried by a low copy plasmid into est2 sgs1 survivors had no apparent effect (Fig. 5 A and B, lanes 10-12) , demonstrating that the growth restoration and telomere extension requires a functional Sgs1 helicase domain. Interestingly, the introduction of the carboxyl-terminal truncation allele (sgs1-ct) rapidly restored the growth of all cultures to a wild-type rate (Fig. 5A ), but only two of five strains experienced an extension of the terminal C 1-3 A͞TG 1-3 tract (Fig. 5B, lanes 13-15) .
Next, we examined whether SGS1 is required for the viability of type II survivors. To this end, est2 sgs1 survivors carrying SGS1 on a low copy URA3-based plasmid were passaged over 5-fluoroorotic acid (FOA), which negatively selects for Ura ϩ cells. Strains lacking SGS1 were then streaked ten times (Ϸ250 generations), during which time the strains were analyzed for growth defects and telomere structure (Fig. 5C ). Compared with survivors that retained SGS1, there was no significant change in growth rate and only a slight increase in the telomere erosion rate of strains lacking SGS1. Thus, Sgs1 is not critical to the viability of type II survivors or the stability of type II telomeres. This finding is consistent with our observation that SGS1 is expressed at high levels during recovery but expression levels rapidly return to that of wild-type once survivors reach a wild-type growth rate (O. Medvedik and D.A.S., unpublished results).
Discussion
In this study, we describe an inducible Cre-loxP system to delete a telomerase gene simply by transferring cells to galactosecontaining medium. The system permits the examination of cells within the first few generations after loss of telomerase and greatly reduces the variability between senescence experiments. Using the Cre-loxP system, we consistently observed that est2 sgs1 strains senesce earlier and lose terminal telomeric DNA more rapidly than est2 strains. DNA secondary structures such as G-DNA may form more readily at telomeres than other sites in the genome (12) , owing to the highly repetitive, G-rich composition of telomeric sequences (14, 34) . Cells lacking SGS1 may be unable to resolve these DNA secondary structures, resulting in an inability to efficiently replicate telomeric DNA.
Type I and Type II survivors arise via two genetically distinct recombination pathways defined by RAD51 and RAD50͞ RAD59, respectively (30, 35, 36) . Our findings imply that SGS1 functions in the same recombinational pathway as RAD50 and RAD59. Consistent with the purported role of Sgs1 in DNA replication, Sgs1 may resolve recombination intermediates or other DNA secondary structures within the repetitive C 1-3 A͞ TG 1-3 repeats (14, 15, 34) to facilitate the putative gene conversion events in the type II pathway (26, 37) . Whereas our data support the hypotheses that Sgs1 is required for type II recombination, it is also possible that Sgs1 acts to suppress type I recombination. This possibility would be consistent with our observation that there were fewer YЈ amplifications at the telomeres of est2 sgs1 survivors into which SGS1 was introduced.
Although both types of survivor grow poorly when first generated, type II survivors steadily reach a growth rate indistinguishable from wild type whereas type I survivors never reach a wild-type growth rate (26, 29) . Here we show that the slow growth phenotype of both types of survivor is due to a propensity for cell cycle arrest in G 2 ͞M. These arrest events are likely due to the activation of a cell cycle checkpoint after the breakdown of telomere-capping complex (38, 39) and the recognition of the telomere as a DNA break that requires repair.
Interestingly, the reintroduction of SGS1 into type I survivors did not result in their conversion to type II. This result is consistent with the recent finding of Chen and colleagues (36) that the reintroduction of RAD59 into type I cells did not covert them to type II. The type II pathway is thought to require recombination between C 1-3 A͞TG 1-3 repeats on different chromosomes or a rolling circle gene conversion mechanism by using an extrachromosomal circular template (35, 36, 39 ). An intriguing possibility is that the reintroduction of SGS1 into type I cells restores their ability to perform recombination between two terminal repeat tracts but the cells lack extrachromosomal circular templates to allow the very long type II telomeres to be generated. This model explains why only small increases in terminal tract length are observed after the reintroduction of SGS1 into type I survivors.
Some human cell lines and tumors that lack telomerase activity have very long and heterogeneous telomeres (40) (41) (42) that are reminiscent of yeast type II telomeres. The pathway that generates these long human telomeres has been termed ALT (for alternative lengthening of telomeres; ref. 41) . Although the proteins that mediate ALT are not known, recent evidence suggests that ALT is mediated by gene-conversion (43) , the same process thought to generate type II telomeres in yeast. This result, combined with our finding that mouse WRN can suppress most of the est2 sgs1 telomere-related phenotypes, raises the possibility that human WRN, or another human RecQ helicase, is an ALT factor. Applying these findings to mammals may help elucidate the in vivo function of the mammalian RecQ-helicases as well as the mechanisms by which mammalian cells proliferate in the absence of telomerase.
